CRMP-2 plays a pivotal role in promoting axon formation, neurite outgrowth and elongation in neuronal cells. CRMP-29s role in other cells is unknown. Our preliminary results showed CRMP-2 expression in cilia of fibroblasts. To localize CRMP-2, define its role and study the regulation of CRMP-29s expression in cilia we carried out the following experiments. We find that in fibroblasts CRMP-2 localizes to the centrosome and is associated with the basal body and -at a low level-is present in primary cilia. Phosphorylated pCRMP-2 can only be detected at the basal body. RNAi knockdown of CRMP-2 interfered with primary cilium assembly demonstrating a critical requirement for CRMP-2. Deletion analysis of CRMP-2 identified a 51 amino acid sequence in the C-terminus that is required for targeting to the basal body and primary cilium. This domain contains GSK-3b phosphorylation sites as well as two repeats of the VxPx motif, previously identified as a cilium targeting signal in other primary cilium proteins. To our surprise, mutation of the CRMP-2 VxPx motifs did not eliminate primary cilium targeting. Instead, mutation of the GSK-3b phosphorylation sites abolished CRMP-2 targeting to the primary cilium without affecting basal body localization. Treatment of cells with lithium, a potent GSK-3b inhibitor, or with two specific GSK-3b inhibitors (the L803-mts peptide inhibitor and CHIR99021) resulted in cilium elongation and decreased basal body levels of pCRMP-2 as well as increased levels of total CRMP-2 at the primary cilium. In summary, we identified CRMP-2 as a protein critically involved in primary cilia formation. To our knowledge this is the first demonstration of modulation of primary cilium targeting by GSK-3b. 
Introduction
The primary cilium is an antenna-like structure, protruding from the surface of many different types of mammalian cells. Many signalling proteins, including somatostatin receptor 3, platelet-derived growth factor receptor alpha, polycystins and Patched, are concentrated at the ciliary membrane [1] [2] [3] [4] [5] [6] . In addition, some extracellular matrix receptors are also localized to primary cilia [7, 8] . Accumulation of these signaling molecules at the primary cilium allows it to serve as a sensory organelle, detecting molecular and mechanical changes in the extracellular environment and relaying these changes to the cell body where they induce a variety of cellular responses [9] . Primary cilia are also essential during embryonic development for correct functioning of the vertebrate hedgehog signaling pathway [4, [10] [11] [12] . Abnormal primary cilia appear involved in obesity, polycystic kidney disease and cancer, as well as a number of other diseases [for reviews, see [13] [14] [15] [16] ]. In cycling cells, primary cilium expression is coupled to the cell cycle [17] . The ciliary axoneme first forms in G1 phase. With cell cycle progression, the primary cilium is resorbed, and the basal body from which it arose reverts to a centrosome and subsequently participates in the establishment of the spindle poles [18] . After cell division, the centrosome once again acts a basal body, producing the primary cilium. Structurally, a mammalian primary cilium consists of a centriole (basal body) and a membrane-bound ciliary axoneme, which is comprised of nine doublet microtubule bundles. Like polarized microtubule-based structures such as axon and dendrites, the microtubule-based primary cilium has polarity, with the minus end associated with the basal body and the plus end pointed away from the cell body. In neurons, many proteins specifying axon polarity have been identified, including collapsing response mediator protein 2 (CRMP2), a cytosolic phosphoprotein enriched in the axon shaft and growth cone [19] . CRMP-2 is a GSK-3b substrate and a microtubule-binding protein. GSK-3b regulation of CRMP-2 phosphorylation affects neurite outgrowth and elongation [20] [21] [22] [23] . However, the location and function of CRMP-2 remains unknown in non-neuronal cells, although a recent study suggested that in these cells CRMP-2 is involved in endocytosis [24] . In a previous study, we showed that GSK-3b activity can be inhibited by lithium, causing elongation of primary cilia [25] . In this study, we characterized the GSK-3b substrate CRMP-2 in human foreskin fibroblasts, which have retained the ability to express primary cilia. We found that CRMP-2 localizes to the centrosome. During periods of primary cilium formation, CRMP-2 associates with the basal body and is also present at low levels at the primary cilium. We demonstrate that CRMP-2 is required for cilium biogenesis and that the CRMP-2 protein sequence contains a novel cilium targeting motif composed of GSK-3bsites. Dephosphorylation of the CRMP-2 GSK-3b sites is required for primary cilium localization.
Materials and Methods

Cell culture
Human foreskin fibroblasts [25] and human retinal pigmented epithelium RPE cells (ATCC CRL-4000) were grown in DMEM (Gibco/BRL) supplemented with 10% fetal calf serum. All work was carried out in accordance with Biohazardous Materials approval, University of Calgary. H293 fibroblasts were only used in the immunoprecipitation experiments. For preparation of log phase cells, cells were collected by trypsin/EDTA (Gibco/BRL) treatment and re-grown overnight on coverslips in fresh medium. For preparation of quiescent cells, log phase cells were incubated in a medium lacking serum for 48 hrs. For lithium drug treatment, cells were serum-starved for two days prior to treatment, and the concentration and duration of lithium treatment were as described previously [25] and in the text. For GSK-3b inhibition experiments cells were treated with the cell-permeable, specific GSK-3b peptide inhibitor L803-mts [26, 27] (EMD) or the specific GSK-3b inhibitor CHIR-99021 (EMD). Prior to treatment, cells were serum-starved for two days, and concentrations and duration of treatments are indicated in the text.
Antibodies
Anti-acetylated a-tubulin, anti-b-tubulin, and anti-c-tubulin antibodies were purchased from Sigma (St Louis, MO). Antibodies against GSK-3b, phospho (Ser-9) GSK-3b and CRMP-2 were purchased from Cell Signaling Technology (Boston, MA). Antiphospho (T514) CRMP-2 antibody was purchased from Abcam (Cambridge, MA). HRP-conjugated secondary antibody and Cy 3 -, and Alex 488 -labeled secondary antibodies were purchased from Jackson ImmunoResearch (West Grove, PA) and Molecular Probes (Eugene, OR), respectively.
RNA isolation and RT-PCR
RNA was isolated from human foreskin fibroblasts using TRIzol (Invitrogen) as recommended by the manufacturer (Invitrogen). RT-PCR was performed as described [25] . Briefly, RNA was transcribed into cDNA using M-MLV (Invitrogen). For each sample, 100 ng of random primers was used, and a total volume of 20 ml of cDNA was generated, 2.5 ml of which were used as template for PCR in a 50 ml reaction volume. For each primer set, 30 cycles of PCR were carried out under the following conditions: a denaturing step for 30 s at 94uC, an annealing step for 45 s at 60uC, and an elongation step for 1.5 min at 72uC. For PCR amplification of full length CRMP-2 (572 amino acid residues), the forward primer was 59-GCT TCG AAT TCC GCC ACC ATG TCT TAT CAG GGG AAG A -39, and the reverse primer was 59-TAC CGT CGA CTG GCC CAG GCT GGT GAT GTT G -39. PCR fragments were analyzed in a 1.2% agarose gel, and sequence analysis of the cDNA fragments was determined at the University of Calgary Core DNA Services.
Plasmid constructions and DNA transfection
All CRMP-2-GFP plasmids (wild type and mutants) were made using PCR amplification of the above-mentioned RT-PCR products, followed by digestion with restriction enzymes Eco RI and Sal I, and insertion into the appropriate sites of the pMAXGFP vector (Lonza). Primers used for construction of CRMP-2 mutants are listed in Table 1 . For HA-Mut7, the DNA fragment was amplified using the forward primer 59 -GCT TAC GAA TTC CGC CAC GCA AGG AGC AGG CTG GCT G and the reverse primer 59-att agt cga ctg gtg cag gtt ccg gac agg-39. After restriction digestion with Eco RI and Sal I, the fragment was inserted into the corresponding sites of the pCI vector (Promega) containing an HA tag. HA-KLC-3 and GFP-KLC-3 were described previously [28] . Plasmid constructs were transfected into log phase cells using Extremegene under conditions recommended by the manufacturer (Roche).
siRNA experiments and primary cilium growth assay A set of lentiviral vector-based siRNA plasmids (pILenti-siRNA-GFP) was purchased from Applied Biological Materials Inc (Vancouver, Canada). This set of plasmids expresses shRNA duplexes that target the following CRMP-2 sequences: AGC-GATCGTCTTCTGATCAAAGGAGGTAA, AAGATGGGTT-GATCAAGCAAA, and ACGGATTGCCAGATTTATGAAG-TACTGAG. For control, the same vector plasmid expressing a scrambled shRNA was used. Plasmids were transfected into cells using Extremegene under conditions recommended by the manufacturer (Roche). After transfection, cells were cultivated for 72 hrs in complete culture medium and for an additional 48 hrs in serum-free medium. Cells were then either fixed with 2% paraformaldehyde for immunofluorescence microscopy or collected for analysis by semi-quantitative RT-PCR.
Immunoprecipitations
H293 cells were co-transfected with CRMP-2 Mut7 and HA-KLC3 or HA-CRMP-2 Mut7 and GFP-KLC3. After transfection, cells were incubated for 24 hrs to allow protein expression, and cell extracts were prepared in lysis buffer (10 mM Tris pH 7.4, 150 mM NaCl, 10 mM KCl, 1 mM EDTA pH 8.0, 0.5% DOC, 0.5% Tween-20, 0.5% NP-40, 1x proteinase inhibitor cocktail (Roche)). Protein extracts were pre-cleared by mixing with 20 ml protein G Sepharose beads and incubated for overnight at 4uC with either anti-HA antibody or anti-GFP antibody as stated in the text. Following incubation, the beads were precipitated and washed three times with cell lysis buffer. After a final wash, proteins were eluted from the beads with SDS-sample buffer, and analyzed by gel electrophoresis and western blot.
Gel electrophoresis and western blot
Gel electrophoresis and western blot analysis were carried out as described previously [29] . In short, proteins were boiled in loading buffer, separated on 10% acrylamide SDS-PAGE gels, electrophoretically transferred onto polyvinylidene fluoride membranes (Amersham Biosciences), blocked overnight at 4 uC in blocking buffer (54 mM Tris, pH 7.5, 150 mM NaCl, 0.05% Nonidet P-40, 0.05% Tween 20, 5% dry nonfat milk), and analyzed using primary antibodies followed by HRP-conjugated secondary antibody. Prestained Protein Ladder SM0671 (Fermentas) was used as a size marker. LumiGLO substrate (Kirkegaard & Perry Laboratories, Inc.) was used to develop the blot. The luminescent image was captured using a 3000 Versa-Doc Imaging System (BioRad).
Immunofluorescence microscopy
Indirect immunofluorescence microscopy (IIF) was performed as described previously [30, 31] . Briefly, cells were fixed either in cold methanol for anti-CRMP-2 antibody staining or in 2% paraformaldehyde in PBS for direct visualization of GFPexpressing cells. The cells then were stained with primary antibodies, followed by secondary antibodies at a concentration recommended by the manufacturers. Images were obtained using a Zeiss microscopy Axiovert 200M equipped with a CCD camera and controlled with AxioVision 4.8 software. The intensity of CRMP-2 signal at the basal body before and after treatment of cells with GSK-3b inhibitors was measured and quantitated as described by Mahjoub and Stearns [32] . For statistical analysis of quantitated immunofluorescence data we used the Student's t-test and the chi-square test.
Immuno-electron microscopy
Cells were fixed in cold methanol and stained with anti-CRMP-2, followed by incubation with a secondary antibody conjugated with Nano-gold particles (Nanoprobes). Nanogold was silver enhanced with HQ Silver (Nanoprobes) and cells were further processed by fixation in 2% glutaraldehyde and 1% osmium tetroxide. Cells were then counter-stained with 2% uranyl acetate, dehydrated in ethanol, embedded in Epon resin, and sectioned as described previously [25] . The samples were examined using a Hitachi-7650 microscope [33] .
Results
CRMP-2 is located at the centrosome in human foreskin fibroblasts
We first confirmed CRMP-2 RNA expression in human foreskin fibroblasts. Western blot analysis confirmed CRMP-2 protein expression in human foreskin fibroblasts with the characteristic doublet pattern seen in neuronal cells (Fig. S1 ), the slower migrating band representing the phosphorylated form, while the other represents the non-phosphorylated form [21, 34] .
Immunofluorescence microscopy using anti-CRMP-2 and antib-tubulin antibodies revealed that CRMP-2 is present at the centrosome during interphase (Fig. 1A , arrowheads) in all cells examined (Fig. 1C , arrows indicate centrosomes stained for CRMP-2 and c-tubulin). CRMP-2 was not detected at the mitotic spindle pole (Fig. 1B ).
CRMP-2 associates with the basal body
The association of CRMP-2 with the interphase centrosome suggested a possible role for CRMP-2 in centrosome function. We first analyzed where CRMP-2 protein is located in fibroblasts that express a primary cilium and found that in serum-starved cells CRMP-2 co-localizes with the basal body in all cells examined (Fig. 1D, arrow) . In approximately 5% of the cells CRMP-2 was also present -albeit at a low level-at the primary cilium (Fig. 1D , arrowhead, inset shows an example). To confirm this we carried out immuno-electron microscopy using anti-CRMP-2 antibodies and show that CRMP-2 is associated with the basal body and microtubules emanating from it ( Fig. 1E , upper panel: arrows and arrowheads, respectively). Occasionally CRMP-2 was observed at the primary cilium shaft (Fig. 1E , asterisk).
CRMP-2-GFP expression pattern at the primary cilium
To investigate the mechanism underlying the localization of CRMP-2 to basal body and primary cilium, we expressed a CRMP-2-GFP fusion protein in fibroblasts. Expression of the CRMP-2-GFP fusion protein was confirmed by western blot analysis. We observed that the CRMP-2-GFP fusion protein localized predominantly to the basal body ( Fig. 2A, arrow) . Small amounts were present throughout the primary cilium ( Fig. 2A , arrowhead; inset shows offset of the two signals to visualize both signals in the primary cilium) indicating that the localization of CRMP-2-GFP and endogenous CRMP-2 are similar. We noted that in approximately 16% of CRMP-2-GFP transfected cells the fusion protein was present in concentrations along the shaft of the primary cilium (Fig. 2B, Fig. 2C , arrows) in addition to its presence at the basal body and in some cells fusion protein started at the basal body and extended inside the primary cilium (Fig. 2D) . The location of the concentrations varied from cell to cell.
CRMP-2 is required for cilium assembly
To investigate a possible function of CRMP-2, we performed RNAi assays to knock down the level of CRMP-2. We used a lentiviral-based vector that expresses GFP and CRMP-2 shRNA to allow identification of transfected cells vs untransfected cells. RPE cells and human foreskin fibroblasts (HFSK) were used in these experiments and those with GFP expression were used for quantitative analysis. Western analysis of cells transfected with CRMP-2-siRNA-GFP DNA show reduced levels of CRMP-2 in comparison to cells transfected with scrambled siRNA-GFP control DNA (Fig. 3A) . CRMP-2 is reduced in CRMP-2-siRNA-GFP expressing cells (Fig. 3B ), but not in untransfected cells (Fig. 3B, arrows) or cells expressing a scrambled siRNA (Fig. S2) . To observe an effect of reduced CRMP-2 on primary cilia we stained primary cilia in transfected cells with anti-acetylated tubulin antibody. This showed that cells transfected with CRMP-2 siRNA-GFP lacked a primary cilium (Fig. 3C) , whereas cells that express scrambled siRNA-GFP express a primary cilium (Fig. 3D) . In untransfected cells in the same experiment, primary cilium formation was unaffected ( Fig. 3C and 3D ). Quantitation of these results (Fig. 3E) showed that 48.5% and 49% of RPE cells and HFSK fibroblasts transfected with CRMP-2 siRNA lacked a primary cilium (Fig. 3E) . In contrast, 27% and 24% of RPE cells and HFSK fibroblasts transfected with a scrambled siRNA lacked a primary cilium. The decrease in primary cilia was significant (P,0.05) and indicated that CRMP-2 is important for primary cilium biogenesis in these cell lines.
Basal body and cilium targeting signals are located in the CRMP-2 C-terminus
The CRMP-2 protein sequence contains putative protein interaction motifs for cytoplasmic dynein heavy chain, Numb, microtubules and kinesin light chain (Fig. 4A ) [35] [36] [37] [38] . To determine a role in targeting of CRMP-2 to the basal body and/or primary cilium, we analyzed deletion mutants linked to GFP that retained one or more motifs (Fig. 4A) . Western blotting was used to confirm expression of the fusion proteins. Transfection showed that mutants mut1 and mut2, which lacked the Cterminus, did not localize to the basal body or primary cilium. In contrast, mutants mut3, mut4, mut5, mut6 and mut7 that retain parts of the kinesin light chain-binding domain were present at the basal body in cells that lacked a primary cilium (Fig. 4B , upper panels; arrow shows the results for mut7, which are identical to those for mut3 -mut6) and at both the basal body and the primary cilium in cells expressing a primary cilium (Fig. 4B, middle panels) . This indicated that the cilium targeting signal (CTS) of CRMP-2 is in a 51 amino acid sequence (amino acid residues 484 -535) shown in Fig. 4C . Western blotting analysis of the 51 amino acid sequence linked to GFP showed two bands (Fig. S3) suggesting that -similar to full-length CRMP-2 [21, 34] -it may also be subject to modification by phosphorylation. Further deletion of the 51 amino acid sequence from either the N-or C-terminus resulted in loss of cilium targeting. Deletion of the 51 amino acid sequence from CRMP-2 (Fig. 4A, mut8 ) prevented targeting to basal body or primary cilium (Fig. 4B, bottom panels) .
GSK-3b phosphorylation sites are required for targeting of CRMP-2 to the primary cilium Analysis of the 51-amino acid sequence identified putative motifs: two VxPx repeats (Fig. 4C, blue lettering) and three GSK3b phosphorylation sites (T509, T514, and S518; Fig. 4C , red lettering). VxPx and the related motif RVxPx and KVHPSST are involved in cilium targeting of rhodopsin, polycystin-2 and polycystin, respectively [39] [40] [41] [42] . To analyze a role for CRMP-2 VxPx in cilium targeting we made point mutations changing VTPK to ATAK and VTPA to ATAA (Fig. 4D, mut9) . Transfection assays revealed that mut9-GFP fusion protein was present at both the basal body and primary cilium in 35% of transfected cells (n = 37) (Fig. 4E , top panels; arrow points to basal body). Quantitation of the mut9-GFP signal intensity in comparison to mut7-GFP showed that it was reduced by 45% of mut7-GFP (P,0.05). These results indicate that the CRMP-2 VxPx sequences are not absolutely required for targeting CRMP-2 to the primary cilium or basal body.
We next prepared point mutations in all three GSK-3b phosphorylation sites (T509, T514, and S518 to alanine) (Fig. 4D, mut10) . Transfection experiments showed mut10-GFP fusion protein was present only at the basal body, not in the primary cilium (n = 63) (Fig. 4E, bottom panels, arrow) . This result strongly suggested that GSK-3b is involved in targeting CRMP-2 to the primary cilium.
GSK-3b regulates CRMP-2 targeting to the primary cilium
CRMP-2 is a physiological substrate of GSK-3b [21, 43, 44] . To explore a role for GSK-3b in CRMP-2 localization to primary cilia, we exploited our earlier observation that lithium, an inhibitor of GSK-3b, induces primary cilium elongation [25] . Treatment of foreskin fibroblasts with lithium inhibited phosphorylation of CRMP-2 (Fig. S4) , similar to its effect on other GSK-3b substrates Map1b and b-catenin [25] . This observation confirmed that a majority of CRMP-2 is in a phosphorylated state in normal (untreated) serum-depleted cells [21] . We next examined the effect of GSK-3b inhibition on the localization of endogenous CRMP-2. We employed three different inhibitors; Li, the GSK-3b inhibitor peptide L803-mts [26, 27, 45, 46] and CHIR99021 (see Materials and Methods). We first measured the length of cilia in treated and untreated cells. In untreated cells we observed an average cilium length of 4.65 mm (n = 157; SD = 1.10 mm). In cells treated with Li, CHIR99021 and the L803-mts peptide inhibitor the average cilium length was 8.99 mm (n = 67; SD = 2.17 mm), 5.61 mm (n = 123; SD = 1.62 mm) and 9.99 mm (n = 58; SD = 4.12 mm), respectively. The effects of Li and peptide inhibitor L803-mts on cilium length were significant (P,0.05), whereas the effect of CHIR99021 was measurable but modest.
Next we analyzed the effect of the three GSK-3b inhibitors on the localization of phosphorylated CRMP-2, because our above results had suggested that inhibition of GSK-3b results in a reduction of the phosphorylation level of CRMP-2 and its subsequent translocation from the basal body to the cilium. To monitor and quantitate phosphorylated pCRMP-2 we employed the specific anti-pCRMP-2 (Thr 514) antibody. The results Fig. 5A) show that untreated cells have readily detectable pCRMP-2 protein localized to the basal body (panels 1 -3, arrows point to basal bodies). Importantly, all three inhibitors caused a decrease in the intensity of pCRMP-2 staining at the basal body (Lithium, panels 4 -6; CHIR99021, panels 7 -9; peptide inhibitor L803-mts, panels 10 -12) in some instances below the level of detection. Quantitation of pCRMP-2 protein levels at the basal body using the protocol described in [32] shows that the reduction of pCRMP-2 at the basal body after treatment of cells with Li, CHIR99021 or the GSK-3b peptide inhibitor L803-mts was significant (P,0.05) at 60% (n = 252), 55% (n = 288) and 46% (n = 168), respectively. Levels of pCRMP-2 in the cilium were consistently below detection (Fig. 5A) suggesting that CRMP-2 in cilia is not phosphorylated.
Next, we measured the levels and localization of total CRMP-2 protein. We found that this was difficult to achieve for endogenous CRMP-2 due to the lack of a sufficiently strong specific antibody, but our results suggested that whereas ,5% of untreated cells show CRMP-2 staining in the primary cilium, ,30% of lithium treated cells had observable CRMP-2 staining in primary cilia to (Fig. 5B, top panels) . Since this approach would not yield quantifiable data on CRMP-2 levels in the cilium after treatment with the inhibitors, we resorted to transfection of cells with fulllength CRMP-2-GFP followed by treatment with GSK inhibitor. Fig. 5B shows the results, which demonstrate that upon GSK-3b inhibition by the specific CHIR99021 inhibitor, the CRMP-2 signal in the cilium was enhanced (bottom panels, arrow points to cilium) in comparison to untreated cells (middle panels, arrowhead points to basal body). Quantification of all experiments showed that CHIR99021 inhibitor caused a 50% increase in the intensity of CRMP-2-GFP in cilia (n = 48).
Discussion
In this work we demonstrate that CRMP-2 is critically involved in primary cilium formation and that GSK-3b modulates primary cilium targeting of CRMP-2: specific inhibition of GSK-3b results in a reduction of the level of phosphorylated pCRMP-2 at the Figure 4 . CRMP-2 mutation analysis delineates the primary cilium targeting sequence. A) Domain structure of wild type CRMP-2 (wt) and corresponding regions present in the mutants (mut1 -mut8) are indicated. DHC, dynein heavy chain interacting domain; Nb, Numb interacting domain; Mt, microtubule-binding domain; KLC, kinesin light chain interacting domain. CTS, cilium targeting capability, based on observations of mutant protein expression patterns in transfected fibroblasts. B) Immunofluorescence analysis of human foreskin fibroblasts expressing mut7-GFP or mut8-GFP as indicated. Human foreskin fibroblasts were transfected with mut7-GFP or mut8-GFP (green signal) and analyzed using anti-acetylated tubulin antibodies (red signal). Mut7-GFP localizes to the basal body (top panels: arrow) in cells lacking a primary cilium, and to the cilium in cells that express the organelle (middle panels). Mut8-GFP does not localize to basal body or cilium. Bars indicate 10 mm. Magnification: 100X. C) Nucleotide sequence and deduced amino acid sequence of the CRMP-2 51 residue C-terminal region present in mut7. Val and Pro residues in the VxPx sequences are indicated in blue and Thr and Ser residues in known GSK-3b phosphorylation sites are indicated in red (T509, T514 and S518). D) Point mutations were introduced to mutate the VxPx sites to AxAx (mut9: purple lettering) and GSK-3b phosphorylation sites to Ala (mut-10: red lettering). E) Analysis of the localization of mut9-GFP (top panels) and mut10-GFP (bottom panels) (green signals) was done by transfection of human foreskin fibroblasts and staining for acetylated tubulin (red signals). Although the intensity of mut9-GFP was lower than wild type, mut9-GFP was observed to localize to both the basal body (arrow) and the cilium. The bottom panels show that mut10-GFP only localizes to the basal body (arrow), not the cilium. Bars indicate 10 mm. Magnification: 100X. doi:10.1371/journal.pone.0048773.g004 GSK-3b Regulates CRMP-2 Cilia Targeting PLOS ONE | www.plosone.orgbasal body and an enhanced localization of CRMP-2 at the primary cilium.
GSK-3b and primary cilia
GSK-3b has close to 100 identified substrates [47] . Its function has been implicated in a variety of cellular processes including cell proliferation, differentiation, cell cycle control, microtubule assembly, microtubule stability, microtubule dynamics and apoptosis [48, 49] . Using lithium we recently provided evidence suggesting that GSK-3b is involved in primary cilium elongation [25] and here we confirmed this using two specific GSK-3b inhibitors. It was reported that inhibition of GSK-3b activity by indirubin-3-monoxime restores primary cilium formation in ceramide-depleted MDCK cells [50] . Downstream targets of GSK-3b remain unknown, but Von Hippel-Lindau proteina GSK-3b target-is required for cilium function in its dephosphorylated state (after GSK-3b inactivation) [51] . In this study, we show that GSK-3b inhibition reduces CRMP-2 phosphorylation and enhances CRMP-2 localization to the primary cilium.
A novel, GSK-3b-regulated primary cilium targeting sequence
Several studies provided evidence that specific signals are needed for targeting of proteins to the primary cilium (for a recent review see [52] ). Here, we identify a new primary cilium targeting motif that differs from previously identified signals in three ways.
First, the CRMP-2 primary cilium targeting signal sequence differs from other targeting signals [52] : i) the VxPx motif in rhodopsin [39, 53, 54] , PKD2 [40] , the cyclic nucleotide gated channel subunit CNG1B [55] and polycystin-1 [42] , ii) the AQ box (Ax S / A xQ) in somatostatin receptor 3, serotonin receptor 6, and melanocortin concentrating hormone receptor 1 [56] , the ciliary localization motif identified in the KIF17 motor molecule [57, 58] and the retinitis pigmentosa 2 protein (RP2) [59] both of which require interaction with importin-b2 for trafficking to cilia. Here we found that although CRMP-2 appears to contain two VxPx motifs, mutation of these did not abolish CRMP-2 targeting to the primary cilium suggesting that they are not absolutely required for targeting of CRMP-2 to the primary cilium. We observed a 50% reduction in the level of CRMP-2 in the primary cilium, consistent with observations for CNG1B [55] . In contrast, we discovered a requirement for the presence of three GSK-3b phosphorylation sites in the CRMP-2 C-terminus: their mutation essentially blocked targeting of CRMP-2 to the primary cilium. Second, unlike targeting motifs in rhodopsin, fibrocystin and calflagin, the CRMP-2 primary cilium targeting sequence does not have motifs for myristoylation and/or palmitoylation. In the former proteins, prevention of lipidation abolishes their ciliary targeting capabilities [60] [61] [62] [63] . Third, and to our knowledge uniquely, the CRMP-2 primary cilium targeting motif is not constitutively active. Efficient targeting of CRMP-2 to primary cilia is modulated by GSK-3b and requires inhibition of this protein kinase. Based on our observations, we propose a model for the targeting of CRMP-2 to the primary cilium shown in Figure 6 . In this model, the phosphorylation state of CRMP-2 is regulated by GSK-3b and is crucial in the determination of whether the protein resides at the basal body (Fig. 6 , phosphorylated CRMP-2) or is allowed in the primary cilium (Fig. 6, dephosphorylated  CRMP-2) . This model explains why the majority of CRMP-2, which is normally phosphorylated, resides at the basal body while only a small portion is in the primary cilium, even though every CRMP-2 protein harbors the primary cilium targeting sequence. Inhibition of GSK-3b results in dephosphorylation and enhanced presence in the cilium. It remains to be determined which of the three GSK-3b phosphorylation sites is critically involved in this gating process.
CRMP-2 movement into the primary cilium
Depending on the nature of proteins, axonemal and membrane proteins may move to the primary cilia via intraflagellar transport, membrane diffusion, or both. It is not known how CRMP-2 enters into the primary cilium. Sequence analysis indicates that the CRMP-2 primary cilium targeting sequence resides within a region that was shown in neuronal cells to interact with KLC1, kinesin light chain 1 [38] . In preliminary experiments we analyzed if the 51 amino acid sequence can interact with KLC3, a kinesin light chain sperm flagellum protein we investigated which has extensive homology with KLC1 [28, 64, 65] . Our preliminary data suggest that mut7-GFP and HA-KLC3 interact (Fig. S5) . This suggests the possibility that CRMP-2 may be transported into the primary cilium through association with a kinesin. This possibility is in agreement with our observations that the CRMP-2 VxPx sequences play no role, because proteins with functional VxPx motifs move into the cilium through a GTPase-mediated mechanism. Interestingly, recent results demonstrate effects of phosphorylation on kinesin-cargo dynamics, including kinesin-1/ smad2, UNC51, CAMKII/KIF17 and KLC2/GluR1 [66] [67] [68] [69] [70] . Of note, the KLC2-GluR1 binding is inhibited by phosphorylation of KLC2 by GSK-3b. It is thus conceivable that the phosphorylation status of CRMP-2 GSK-3b sites regulate binding to a kinesin. This possibility awaits demonstration of CRMP-2-KLC complexes in primary cilia and the effect of phosphorylation on complex formation.
What may be the function of CRMP-2 at the primary cilium?
In mammals, overexpression of CRMP-2 in primary hippocampal neurons or SH-SY5Y neuroblastoma cells promotes axon elongation, axon induction, and the establishment and maintenance of neuronal polarity [19] , although one study in rat PC-12 cells did not support this observation [71] . We did not observe primary cilium elongation after overexpression of CRMP-2-GFP in human foreskin fibroblasts. Instead, knock down of endogenous CRMP-2 protein levels inhibited primary cilium formation. This result appears similar to one made in C. elegans: the C. elegans orthologue of human CRMP-2 is unc-33. Mutations in unc-33 result in abnormal axon termination in many neurons [72] . A hypothetical model for CRMP-2 function could propose that it functions as a bridging protein linking the primary cilium axoneme with membrane components in an intraflagellar transport system. In support of this we observed concentrations or particles along the cilium axoneme in cells expressing wild type CRMP-2-GFP, but not in cells only expressing the 51 amino acid C-terminal CRMP-2 domain (mut7-GFP) and we show that there may be a ''reservoir'' of CRMP-2 at the basal body ready for transport into the primary cilium after dephosphorylation of its GSK-3b sites. This predicts that the CRMP-2 region upstream of the 51 amino acid domain associates with proteins or complexes required at the primary cilia.
In conclusion, we demonstrate that an essential neuronal protein CRMP-2, which guides neurite growth, is a critical primary cilia protein. We identified a novel regulatory mechanism for primary cilium targeting of CRMP-2 based on modulation of its phosphorylation status by GSK-3b. The identification of its GSK-3b phosphorylation sites as the cilia targeting motif informs and expands the search for ciliary proteins beyond those that have putative VxPx and other ciliary targeting motifs. Furthermore, our discovery of GSK-3b-regulated ciliary targeting together with the importance of cilia during development may open up lines of research hitherto not considered. Figure S1 Western blot analysis of human foreskin fibroblasts. Cells were solubilized in SDS-sample buffer, fractionated in 12% SDS-polyacrylamide gel, blotted onto nitrocellulose, and analyzed using anti-CRMP-2 antibody. Blots were reprobed with anti-actin to control for loading and procedure. CRMP-2 is expressed as a doublet in agreement with its expression pattern in neurons. (panel C). RPE cell extracts were analyzed by western blotting using anti-CRMP-2 antibody measuring total CRMP-2 (panel A), anti-pCRMP-2(Thr514) antibody specific for phosphorylated CRMP-2 (panel B) and anti-actin (Panel C), either from untreated (lane 1) or cells treated with lithium (lane 2). Note that phosphorylated pCRMP-2 levels are decreased after lithium treatment (panel B), which has no effect on overall CRMP-2 levels (panel A).
Supporting Information
(TIF) Figure S5 The CRMP-2 primary cilium targeting sequence interacts with kinesin light chain. Cells were cotransfected with HA-tGAP1 and mut7-GFP (lane 1; negative control) or HA-KLC3 and mut7-GFP (lane 2). Extracts were prepared from transfected cells and analyzed directly for protein expression by western blotting using a mix of anti-HA and anti-GFP antibodies (panel A) or analyzed for protein interactions by immunoprecipitation with anti-GFP antibody, followed by western blotting using anti-HA antibodies (panel B). Proteins are indicated. HA-KLC3, but not HA-tGAP1 binds mut7-GFP (panel B). (TIF) Author Contributions
